Background: Acute aortic dissection (AAD) is a rare condition with a high mortality that is often missed. The
investigations in patients with a clinical suspicion for AAD is inefficient. 16 Unnecessary use leads to a direct increase in health care costs but can also result in an indirect increase with contrast associated complications (nephrotoxicity, allergic reactions), increased length of ED stay or incidental findings requiring further followup and additional imaging.
Previous studies investigating high-risk clinical features for AAD were conducted in a population with a high prevalence of AAD (25%-78%). 1, 8, [17] [18] [19] [20] [21] [22] [23] This leads to spectrum bias where the performance of a diagnostic test (i.e., history, clinical examination, and basic investigations) may vary in different clinical settings because each setting has a different mix of patients. The population that we are attempting to risk stratify likely has a much lower prevalence. 16 Thus our population in practice is different from previous studies that have assessed diagnostic accuracy of clinical examination and this limits the generalizability to the low-risk patient population we wish to risk stratify.
Acute aortic dissection is a difficult disease to study prospectively. Estimated prevalence among all patients presenting with acute chest or back pain is 0.05%. 1 Prospective study would require a large number of patients to recruit a small number of AADs. A casecontrol study allows us to address some of the bias in previous studies and is also significantly more feasible than a prospective cohort study.
The objective of our study was to assess the accuracy of clinical history, physical examination, and basic investigation in the diagnosis of AAD, in confirmed cases and in a low-risk control group to address the potential spectrum bias in previous studies and improve generalizability.
METHODS

Study Population
We included patients > 18 years old who presented to two tertiary care EDs or a regional cardiac referral center from 2002 to 2014 with acute (<14 days) onset nontraumatic abdominal/back/chest/flank pain (truncal pain). AAD cases were identified and enrolled via ED, in-hospital, or death certificate diagnosis of aortic dissection, intramural hematoma, or penetrating atherosclerotic ulcer. Patient controls were enrolled via ED triage diagnosis of chest, back, abdominal, and flank pain.
We excluded patients with trauma within 24 hours of pain onset or known AAD; patients presenting with chest pain who did not have a chest x-ray; those presenting with abdominal, back, flank pain, and suspected (dysuria/frequency) or confirmed urinary tract infection; those with back pain and the presence of risk factors for fracture (>65 years old, corticosteroid use, history of malignancy [within 10 years]), symptoms of cauda equina (urinary retention, bowel incontinence, intravenous drug use, night pain) without imaging (plain radiograph, CT, or magnetic resonance imaging [MRI] ) of the appropriate area proving no fracture.
We generated a control population from a triage diagnosis of truncal pain and our case population as described. Our control population was derived from 2010 and 2011, as these were the most recent years that had triage diagnosis available for all patients presenting to the ED. Each patient was assigned a random number (random number generation [RAND function SAS University Edition]). Both populations were then ordered by random number commencing from lowest to highest. In a sequential fashion we matched a case with a potential control based on sex and age within 5 years. The control patient's chart was then reviewed; if the patient satisfied inclusion criteria and had no exclusion criteria, clinical data were extracted. One case was matched with four controls. Data were extracted as per guidelines put forward by Jansen et al. 24 Data extracted were verified in multiple sources: ED record of treatment, consultant notes, and integrated progress notes. Four trained reviewers extracted data by standardized paper data forms. The data form was trialed on 50 patient charts, refined, and trialed on an additional 50 charts. Training included 50 chart data extractions by all four reviewers; data were compared and kappa was calculated with clarification and oversight provided by a fifth reviewer (RO). In addition 40% of total charts were reviewed by at least two reviewers and the kappa statistic for interobserver agreement was calculated. For calculating the kappa, the data extraction form was considered as a single variable. If extraction of any variable on the form varied between reviewers then it was counted as a disagreement; if all variables on the form were identically extracted that data form was counted as agreement. Reviewers were not blind to study objective but had no knowledge regarding the direction of association of clinical variables. Reviewers were blinded to case or control status of patient.
Outcome Measures
Acute aortic dissection was defined by radiologic evidence of aortic dissection, intramural hematoma, or penetrating atherosclerotic ulcer on CT, MRI, or transesophageal echocardiography (TEE). The absence of AAD was confirmed on imaging. In those who were discharged without imaging, charts were reviewed up to 6 months postencounter confirming no new diagnosis of AAD. Repeat hospital visits without diagnosis of AAD or future imaging without diagnosis of AAD were used as confirmation. In those who did not return to study hospitals or did not undergo additional imaging, publicly available obituaries were searched to ascertain death. A missed case of AAD was defined by failure to diagnose within the ED or treatment for an alternative diagnosis (i.e., anticoagulation for a pulmonary embolism) within the ED or re-presentation within 14 days of initial visit with a new diagnosis of AAD.
Variables
We extracted 33 variables from the case and control charts. These variables were chosen following a comprehensive systematic review of the literature for statistically significant clinical/investigation findings and the consensus of the senior study team (practicing certified emergency medicine physicians) that the variables were clinically significant. 1, 8, [17] [18] [19] [20] [21] [22] [23] 
Data Analysis
Extracted clinical variables were entered into an electronic database. Results outside of a predefined range were flagged and reviewed. First descriptive statistics including means, medians, standard deviation (SD) for continuous variables, and percentages for dichotomous variables were calculated. Variables were assessed for association with AAD with univariate analysis followed by a Bonferonni correction for multiple comparisons (m = 50 with an a = 0.05, Bonferroni correction tests each variable at a = 0.001). Therefore, a variable is said to be significantly associated with AAD if p < 0.001.
The continuous variables were compared using the two-sided Student's t-test for normal distributions and the Mann-Whitney U-test for nonnormal distributions. The categorical variables were compared using the chisquare test or Fisher's exact test, as appropriate.
We conducted multivariable logistic regression with stepwise selection for those variables found to be associated with AAD on univariate analysis (p < 0.05) and deemed clinically important. As per Peduzzi et al. 25 recommendations, we planned to limit predictor variables in our logistic regression model to one per 10 outcomes. Odds ratios (ORs), sensitivity, specificity, positive likelihood ratios (LR+), and negative likelihood ratios (LR-) with 95% confidence intervals (CIs) were calculated. Before the regression analysis, we performed multiple imputations for missing predictors to create a complete data set for analysis. Ten multiple imputation data sets were generated with the use of the Markov chain Monte Carlo method with inclusion of the outcome, all candidate predictors and additional variables expected to be correlated with the missing predictors. Analysis was performed using SAS 9.4 University Edition.
Sample Size
Sample size was calculated on the basis of an 80% power and CI of 95% to detect an OR of greater than 2. Based on a minimum of 10% of controls with any of the independent variables, our sample size consisted of 165 cases and 660 controls. To maximize our statistical power, we matched controls and cases in a 1:4 ratio. A larger ratio was not used as minimal statistical power is added with a greater number of controls. 26 ( Figure 1 , Table 1 ). The kappa after chart training was 0.85 and for study data extraction 0.91. Of the 194 cases of AAD, 32 (16.5%) were missed on initial patient ED presentation. Controls were extracted from a random sample of 64,402 patients presenting with triage diagnosis of truncal pain over 2 calendar years (2010 and 2011). Chest pain unspecified (20.7%), abdominal pain unspecified (9.9%), acute coronary syndrome (8.7%), and renal colic (6.4%) were the top four diagnoses in the control population ( Table 1) .
RESULTS
Data
The documentation of any family history (i.e., history of aortic aneurysm, aortic dissection, connective tissue disease, sudden death) that could be explored for association with the diagnosis of AAD was only reported in 7.1% of the study population. Hypertension was prevalent with 48.6% of the population reporting a history. D-dimer (12.8%) was not often measured. The overall mortality was 4.2% all but 0.3% due to complications of AAD. Outcome data were not available for 6 (0.6%) controls. There was no further record of interaction with the hospital. No obituary was found for any of these patients. They were excluded from the analysis and an additional six controls were recruited.
All previously reported high-risk clinical examination findings and investigations were significantly different between cases and controls with the exception of previous cardiac surgery, pain less intense than at onset, hypertension (>150 mm Hg) at presentation, and signs of heart failure (bibasilar crackles). In addition, factors that increased the likelihood of an alternative diagnosis were significantly different between case and controls: history of ischemic heart disease, diabetes, and palpable tenderness (Data Supplement S1, Table A-1, available as supporting information in the online version of this paper, which is available at http://onlinelibrary.wiley.com/doi/10.1111/acem. 13356/full).
Risk Factors
After all significant historical, physical, and investigational findings were adjusted for, known aortic aneurysm and history of hypertension increased the odds of AAD. A history of ischemic heart disease, diabetes, and renal colic decreased the odds of AAD (Data Supplement S1, Table A 
-2).
History Abrupt-onset, tearing/ripping, pleuritic, other (burning, cramping or indescribable), and migrating/radiating pain were independently associated with AAD when adjusting for other historical and physical examination findings. The presence of abrupt-onset pain increases the likelihood of AAD and its absence decreases the likelihood. When present, tearing/ripping pain, syncope, and subjective neurologic deficits all increased likelihood of AAD (Table 2) .
Physical Examination
Hypotension, new murmur, and pulse deficit were independently associated with AAD when adjusting for other historical and physical examination findings. Hypotension, pulse deficit, new, or focal neurologic deficit all increased likelihood of AAD when present. Palpable tenderness decreased likelihood of AAD (Table 2) . 
DISCUSSION
Clinical history and physical examination together with basic investigations can help risk stratify patients in need of further investigation to rule out AAD. Although multiple high-risk features are associated with AAD, only 14 are independently associated. Of these, only the absence of abrupt-onset pain, history of ischemic heart disease, and a history of diabetes potentially have sufficient diagnostic accuracy to help rule out AAD. A negative D-dimer could also be useful; however, given the level of missing data no conclusions can be drawn. The presence of tearing/ripping pain, a history of an aortic aneurysm, hypotension, pulse/neurologic deficits, new murmur, or a widened mediastinum/absence of aortic notch could help rule in the diagnosis. In our population we found the absence of abruptonset pain to be more useful in helping rule out AAD then previously reported acute-onset pain. 1, 8, [17] [18] [19] [20] [21] [22] [23] Our definition was acute-onset pain that was of maximal intensity at onset, akin to a thunderclap headache seen with subarachnoid hemorrhage. We found a LR-(0.07 [0.03-0.14]) significantly lower than acute onset pain reported in a 2002 systematic review (0.3 [0.2-0.5]). 27 Our population had a higher percentage of abrupt-onset pain (95.7%) versus acute-onset pain (79.3%) reported in the IRAD database. Thunderclap or abrupt-onset truncal pain could have better diagnostic accuracy than undefined acute-onset pain to differentiate those with and without AAD.
Tearing or ripping is a classic descriptor of the pain associated with AAD. We found a similar low sensitivity and high specificity as previously reported. 1, 8, [17] [18] [19] [20] [21] [22] [23] The low sensitivity and low prevalence of tearing/ripping pain indicates it is useful if present but its absence does not help in clinical decision making. The prevalence of tearing pain was lower in our population than the IRAD database (13.6 vs. 21.7). Neurologic deficit and pulse deficit had an excellent ability to help rule in AAD but their low prevalence also reduces their usefulness in clinical practice.
A novel finding in our study was that a history of ischemic heart disease decreased the probability of AAD. This is less likely due to an underlying process that is protective for AAD and more likely due to it being a risk factor for an alternative diagnosis such as 19 found a similar association (sensitivity = 68%, LR+ = 0.4). We also found a history of diabetes to be associated with a reduced probability of AAD. Three previous studies have found a similar association (n = 3, specificity = 87%, LR+ = 0.32, 95% CI = 0.14-0.70). [21] [22] [23] Again this possibly speaks to the fact that diabetes is a risk factor for multiple alternative diagnoses. However, multiple population-based studies have shown a decreased incidence of diabetes in those who develop AAD or abdominal aortic aneurysm (AAA). [28] [29] [30] [31] These findings suggest that diabetes may play a protective role in the development of AAD. The precise mechanism of this potential negative association is unknown. While a number of studies have supported the hypothesis that protection is a function of diabetes-mediated changes in the vascular extracellular matrix biology, there is also support for the idea that the treatment regimens used in diabetes may afford protection against AAD and AAA. 31 D-dimer was only measured in a minority of the study population. Given the extent of the missing data we did not use multiple imputations. We analyzed the diagnostic accuracy of D-dimer in the subset of cases and controls that had data available. This is a biased sample, as factors that impact whether a clinician orders a D-dimer will dictate the prevalence of highrisk historical and physical examination findings. Therefore, these results in isolation are not sufficient to confirm the diagnostic accuracy of D-dimer for the diagnosis of AAD. However, our assessment of its diagnostic accuracy is consistent with two recent metaanalyses of D-dimer to rule out AAD, albeit with a slightly higher specificity. 21, 23, [32] [33] [34] [35] [36] [37] [38] [39] [40] Nazerian et al. 23 examined the addition of chest xray to the American Heart Association aortic dissection detection risk score but found that a low-risk group and a negative chest x-ray did not rule out the diagnosis of AAD. We found a negative likelihood ratio of 0.5 (0.43-0.59) indicating a very low change in probability of AAD if chest x-ray is negative. Chua et al. 13 prospective study found that an absence of mediastinal widening was associated with an increased rate of missed diagnosis. However, a widened mediastinum or absence of the aortic notch has the ability to significantly increase the probability of AAD.
Spectrum bias is typically thought to occur when a diagnostic tests performance varies across patient subgroups and a study of that test performance does not adequately represent all subgroups. Previous diagnostic accuracy studies for AAD focus on a population undergoing advanced imaging to rule out this condition. These studies have a prevalence upwards of 25%. The results can only be applied to a similarly high-risk population with likely a more severe presentation. This does not reflect the population we are risk stratifying in the ED with AAD only accounting for 0.05% of all those presenting with chest and back pain. Our study addresses this spectrum bias by including patients who did not undergo advanced imaging for AAD. Our findings add to the literature by confirming association of previously reported highrisk historical and physical examination findings but modifying the strength of their diagnostic accuracy in the real-world population we are trying to decide to investigate for AAD.
Strengths
Most studies investigating association of clinical factors with AAD are performed in high-risk populations with a prevalence of upwards of 25%. These studies in a higher-risk population likely suffer from spectrum bias. In practice, the prevalence of AAD in those we are considering the diagnosis of AAD is likely very low. This is supported by the study by Lovy et al. 16 examining all those who underwent CT to rule out AAD and found a prevalence of 2%. These results were replicated in a review of local prevalence of AAD in those undergoing CT to rule out the diagnosis (2%). A strength of our study is that we include patients who are at a lower risk of AAD. This allows us to confirm the accuracy of previously reported high-risk findings in a lower-risk population increasing the external validity and applicability.
LIMITATIONS
The data collected were retrospective in nature. This could potentially lead to misclassification bias with each physician defining the clinical variables according to his or her own criteria. However, in prospective studies examining historical and physical examination findings, inter-rater reliability is often reported as only fair to moderate. We used strict definitions for our data extraction so as to not further introduce bias. Our inter-rater reliability for data extraction was excellent (j = 0.91). Misclassification is also a potential issue in defining our cases. However, it is unlikely that any case was misclassified as we reviewed the radiology report generated by a board-certified radiologist and also confirmed the documentation of an assessment by consult service in regard to the new diagnosis of AAD. Our case population contains only patients in whom AAD was identified at some point during their evaluation. Because patients with unrecognized AAD do not appear in the database, and because these patients may in fact be unrecognized as a result of atypical presentations, our estimate of sensitivity of classic features may be inflated. In addition this study was conducted at an academic tertiary care and cardiac referral center and thus could be subject to referral bias.
The aim of this study was to confirm in a lowerrisk population that classically reported high-risk features maintained their power to differentiate between AAD and an alternative diagnosis. Thus our population was less severely ill than previous studies on AAD. This is apparent in the number presenting with shock (8.4%) in comparison with the IRAD database (22%). This could result in spectrum bias in a different direction to previous studies, artificially increasing the diagnostic accuracy of high-risk features of AAD by including a low-risk population with a lower prevalence of these high-risk features. However, the inclusion of low-risk patients likely represents the population that we are risk stratifying for AAD in daily practice. 16 We chose not to exclude conditions such as renal colic, which clinicians may feel are obviously diagnosed by history. Previous studies examining the misdiagnosis of AAD found that 2% to 5% of patients were initially diagnosed with renal colic. [3] [4] [5] 14 In our cohort, 5% of AAD patients presented with flank pain versus 10% in our control population indicating that although uncommon it is important to consider AAD in the differential of renal colic.
There was a high degree of missing data for characteristics of pain (Data Supplement S1, Table A-4). After analyses of the pattern of missing data to account for this, we used multiple imputation. We compared the summary ORs in the imputed and unimputed data sets they were not significantly different (Data Supplement S1, Table A-1). This indicates that even though there is a high prevalence of missing data, it is less likely to have a significant impact on the reliability of our results. Our control population was derived from 2010 and 2011, as these were the most recent years that had triage diagnosis available for all patients presenting to the ED. Cases were recruited from 2002 to 2014. Method of data recording was by freehand clinician documentation on paper record for the entire study period; therefore, we do not believe the quality of data recording varied significantly between cases and controls. In addition, missing data were distributed evenly between cases and controls.
Documentation in the medical record is sometimes done at the conclusion of the visit with the diagnosis known. Knowing a patient has aortic dissection may impact the variables documented-for instance, a clinician may be more likely to characterize the pain as sudden onset or tearing. This recall bias could artificially inflate the specificity of these classic variables.
Case-control studies can overestimate diagnostic accuracy of an index test. If severely ill cases are compared to healthy controls, higher estimates of diagnostic accuracy will be found. Severe cases are easier to detect with the use of the index test, which would lead to higher estimates of sensitivity in studies with more severe cases. The inclusion of healthy controls is likely to lower the occurrence of false-positive results, thereby increasing specificity. 41 Our cases were sicker than controls with a higher number of hypotensive patients (22.2% vs. 1.3%) and a higher mortality (18.5% vs. 0.3%). However, these rates are similar to those of the prospective study by Nazerian et al. 36 (hypotension 21.6% vs. 5%) on all those presenting with a suspicion for AAD.
Finally although he majority of chest x-rays in this study were posterior-anterior, some were anterior posterior/portable. Portable x-rays artificially increase the size of mediastinum width and thus are unreliable for its assessment and can lead to an artificially decreased specificity and increased sensitivity. 42 However, given that in our study, chest x-ray sensitivity was low and specificity was high, the method of x-ray is unlikely to have biased results significantly.
Clinical and Research Implications
Educational strategies focusing on disseminating the diagnostic accuracy of clinical findings could reduce time to diagnosis as has been previously reported. 43 Further research should focus on the ability of a combination of these factors in the assessment of a patient for AAD, specifically generating a reproducible assessment of pretest probability. Prospective data collection is needed to address the reproducibility of subjective historical features and the accuracy of D-dimer in a lower-risk population.
CONCLUSION
Patients with one or more high-risk feature (tearing pain, hypotension, pulse deficit, neurologic deficit, new murmur) should be considered high risk, whereas patients with no high-risk and multiple low-risk features (absence of abrupt-onset pain, history of ischemic heart disease and diabetes) are at low risk for acute aortic dissection.
